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Abstract. Boron-doped carbon nanotubes have been prepared by chemical vapour deposition 
of ethyl alcohol doped with B2O3 using a hot-filament system. Multi-wall carbon nanotubes of 
diameters in the range of 30 – 100 nm have been observed by field emission scanning electron 
microscopy (FESEM). Raman measurements indicated that the degree of C-C sp2 order 
decreased with boron doping.  Lowest threshold fields achieved were 1.0 V/µm and 2.1 V/µm 
for undoped and boron-doped samples, respectively.    
1.  Introduction 
Research on carbon nanotubes has been going on intensively because of their wide potential 
applications in several areas [1].  Specially, future nanoelectronics and field-emission displays may be 
improved and size-reduced with the use of carbon nanotubes as conducting or electron emitting 
devices. Considerable efforts are in progress to precisely control and enhance the conductivity of 
carbon nanotubes for such applications [2-5]. The conductivity of carbon nanotubes depends on their 
intrinsic structure, chirality, defects and tube conformation, which are directly related to the 
fabrication process.  There is also the possibility to substitute carbon atoms from the structure by 
foreign atoms such as boron or nitrogen to act as acceptors, or electron donors. It is, therefore, of 
interest to develop new techniques to produce doped carbon nanotubes.  
In recent years, methods of arc-discharge for decomposition of acetylene with boron-doped anode 
[2], fixed-bed flow chemical vapor deposition of acetylene and BF3 [3], microwave plasma chemical 
vapor deposition of methane and trimethylborate B(OCH3)3 [4], and ferrocene pyrolysis with diborane 
(B2H6) [5], have been explored. Among them, chemical vapor deposition is the most promising one 
since it does not produce by-products. 
In this work, we report the fabrication of undoped and boron-doped carbon nanotubes using a hot-
filament chemical vapor deposition fed from ethyl alcohol (C2H5OH), doped by bubbling hydrogen 
gas through B2O3 diluted in water/ethyl alcohol. Copper substrates have been used. Field emission 
scanning electron microscopy (FESEM) and Raman spectroscopic analyses and field emission 
properties of the samples are given and discussed. 
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2.  Experimental Details 
Deposition of carbon nanotubes was carried out in a hot filament chemical vapor deposition  
(HFCVD) system, fed from mixtures of boron doped ethyl alcohol (C2H5OH) vapor (0.5 %vol.) 
diluted in hydrogen (34.5 %vol.) and argon (65 %vol.). The boron-doping source was made by 
dissolving B2O3 in water/ethyl alcohol feed reservoir before the start-up of the reactor.  The boron-
carbon (B/C) concentration ratio in the feed was 5000 ppm. Boron-undoped samples were also 
prepared for comparison. A total flow rate of around 100 standard cubic centimeters per minute 
(sccm), regulated by precision mass flow, and a total pressure of about 20 Torr were maintained 
throughout.  The deposition temperature, measured by a thermocouple positioned on the reverse side 
of the substrate, was set at 800 K and adjusted by the control of the electric power supplied to the hot-
filament. Polished copper foils (10 mm x 10 mm square) of 0.5 mm thickness, previously coated with 
polyethylene glycol, were used as substrates, placed below the hot-filament coil. The coating was done 
by dipping the substrates in a polymer solution prepared from 1 g of polyethylene glycol diluted in 
100 ml of ethanol.  After hot-plate drying, the surface of the substrates were wetted by 0.2 ml of 
acetone doped with nickel nitrate (10 gl-1) and then immersed for 30 min. in the hot-filament reactor 
chamber. 
 





   
(d) 
Figure 1.  Typical FESEM images of undoped (a, b) and of boron-doped (c, d) samples, at different 
magnifications 
  
Morphological analyses were made by FESEM using a JEOL JSM-6330F operated at 5 kV, 8 µA.  
Raman spectra were recorded at the ambient temperature using a Renishaw microprobe system, 
employing an Argon laser for excitation (λ = 514.5 nm) at a laser power of about 6 mW. Field 
emission properties were characterized in a specially designed vacuum system by controlling the 
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distance (d) and the parallelism between anode-cathode (samples) surfaces using a precisely combined 
XYZ-angular micrometer stage. A Cu rod of 3.3 mm diameter was used as anode in parallel plate 
configuration with the samples (cathode). Measurement of the current density versus electric field (J-
E) and of the current density versus time (J-t) were undertaken for a fixed anode-cathode distance of d 
= 1560 µm. The threshold field (Eth) for electron emission was measured by the slope of the bias (for a 
standard electron current density of 500 nAcm-2) versus anode-cathode distance curves, fitted to 
straight lines.   
3.  Results and Discussion 
Typical FESEM images are presented in Figure 1, at different magnifications, for undoped (Figure 1 
(a)-(b)) and boron-doped (Figure 1 (c)-(d)) samples, respectively. The images show that the deposited 
samples consist of entangled multi-wall carbon nanotubes of diameters in the range of 30 – 100 nm. 
Apparently the undoped samples have nanotubes of large diameters. 
  




































Figure 2. First, second and third order Raman spectra of (a) undoped and (b) boron-doped samples. 
 
Figure 2 shows the typical Raman spectra in the regions of first, second, and third order frequencies 
of the as-deposited samples. Spectrum (a) was taken from an undoped sample and spectrum (b) was 
taken from a boron doped sample. In the first order region, spectrum (a) shows two intense peaks at 
1348 cm-1 and 1578 cm-1, corresponding to the Disorder-induced sp2 peak (D-line) and Graphite-
highly oriented E2g mode sp
2 peak (G-line). The D-peak intensity is smaller compared to the G-peak 
which indicates a high degree of C-C sp2 order, corresponding to CNTs of good tube crystallinity. 
Also in the first order region spectrum (b) shows the D-peak at 1348 cm-1 and the G-peak at 1576 cm-1 
with a shoulder (D´) around 1594 cm-1.  The D-peak intensity is higher compared to the G-peak and 
the presence of the shoulder D´ indicates a low degree of C-C sp2 order.  In the second order region, 
both spectra shows a high peak at 2691-2695 cm-1 which corresponds to the D-line second harmonic 
(2 x D), a small peak at 2932-2950 cm-1 which corresponds to the sum of D and G-line frequencies (D 
+ G), and a small peak at 3203-3230 cm-1 which corresponds to the G-line second harmonic (2 x G). In 
spectrum (a) there is also a small peak at 2449 cm-1 whose origin could not be identified clearly. This 
peak was also observed in the Raman spectra of highly-oriented-pyrolitic-graphite, multi-walled-
CNTs prepared by arc-discharge or by C60 growth processes [6]. Finally, in the third order region, both 
spectra present a peak at 4283-4289 cm-1, which corresponds to the (2 x D + G) frequencies. 
Typical electron emission results are shown in Figure 3(A) by plotting current density versus 
electric field (J-E) for a fixed anode-cathode distance of  d = 1560 µm. Clearly, the threshold field 
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(Eth) for electron emission is much higher for the boron-doped samples. The threshold field values 
measured by the slope of the bias versus anode-cathode distance curves, fitted to straight lines, were 
1.0 V/µm and 2.1 V/µm for undoped and boron-doped samples, respectively.  The best values of 
threshold fields for electron emission of nanotubes, graphenes and nanostructured diamond reported in 
literature are in the range of 1- 10 V/µm. 
Figure 3 (B) shows the long-term current density curves (J-t) for undoped (a) and boron-doped (b) 
samples. The decrease in the emission current density is higher for boron-doped samples. 
 



























































        (A)         (B)    
Figure 3. Typical emission current density curves versus (A) electric field (J-E) and versus (B) time (J-t)  
of (a) undoped and (b) boron-doped samples 
  
The differences in the Raman spectra of undoped and boron-doped samples suggest that the doping 
decreases the degree of C-C sp2 order. Structural differences are also evidenced by the FESEM 
images. The field emission characteristics are not improved by boron doping. We suggest that boron 
atoms act as electron acceptors (like in Si doping) producing p-type carbon nanotubes. Such kind of 
doping increases the difficulty for the electron transport from the cathode (copper substrate) through 
the nanotube, towards its emitting surface.  
4.  Conclusions 
Pure and boron-doped carbon nanotubes deposited on copper substrates have been studied using a hot-
filament system fed with ethyl alcohol, doped with B2O3. The samples exhibited morphologies of 
entangled multi-wall carbon nanotubes of diameters in the range of 30 – 100 nm. Raman 
measurements indicated that the ratio of the D/G intensities increased with boron doping. The lowest 
threshold fields achieved were 1.0 V/µm and 2.1 V/µm for undoped and boron-doped samples, 
respectively. 
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